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Most thermo-mechanical models for the development of sedimentary basins have assumed that the rifting responsible 
for the formation of the basin occurred instantaneously and have examined the post-rift development of the basin. This 
assumption greatly simplifies the mathematical treatment, but is not in accord with what is found in nature, where 10- 
to 50-m.y. rifting events commonly accompany the formation of sedimentary basins and continental margins. The 
effects of a finite rifting time on the development of sedimentary basins are examined using an analytic technique which 
allows an arbitrary rifting history in both time and space and which considers the effects of both vertical and horizontal 
heat transfer. This technique allows the thermal structure of the lithosphere to be calculated throughout the rifting event 
and thus permits the subsidence history and surface heat flow of the developing basin to be traced. 
The effect of a finite-duration extension event is that heat is lost during rifting increasing the syn-rift subsidence at 
the expense of the post-rift. Lateral heat flow, which was not included in previous tudies of the effect of finite rifting 
times, has a significant effect on the subsidence history, distribution of sediments and thermal history. In particular, the 
post-rift subsidence is decreased by more than 25% for a 20-m.y. rifting event and by more than 10-15% for a rifting 
event as short as 10 m.y. This will significantly decrease the subsidence rates in the post-rift stage and implies that 
inferences concerning the structure, development and thermal history of the basin derived from using "fl-curves" to 
interpret backstripped subsidence can be greatly in error. 
Variations in syn-rift sediment accumulation and lithospheric thermal structure at the end of rifting resulting from 
different rifting histories can interact with other factors, such as the flexural response of the lithosphere to sediment 
loading, to affect the final width of the basin, the total amount of sediments that accumulate and the basin stratigraphy. 
1. Introduction 
There is general agreement that the basic mech- 
anism responsible for the tectonic subsidence of 
continental margins and of many sedimentary 
basins is thermal contraction following heating of 
the lithosphere. This conclusion results from the 
observation that the subsidence tends to decrease 
exponentially with time in a manner similar to a 
mid-ocean ridge and apparently with a similar 
time constant [1]. Although heating of the litho- 
sphere accompanies basin development, i  cannot, 
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of itself, cause the basin to form since if the 
lithosphere is simply heated, it will expand creat- 
ing a swell which will then subside back to the 
original elevation. This process will not result in 
the formation of a basin in which sediments can 
collect. Thus an additional process must accom- 
pany the heating which causes the lithosphere to 
subside below the original base level providing 
space for sediments. 
A great advance in understanding the forma- 
tion of sedimentary basins resulted from the reali- 
zation that the process responsible for the creation 
of many sedimentary basins is horizontal exten- 
sion of the crust and lithosphere. McKenzie [2] 
developed a simple but elegant model in which 
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Fig. 1. Simple model for crustal extension. Unit length of 
lithosphere (A) is at time T = 0 instantaneously extended to 
length fl (B), thinning crust and lithosphere to 1/fl of their 
original thickness resulting in a higher temperature gradient. 
With time, the lithosphere thickens and the thermal gradient 
returns to its original state (C). Knowledge of initial and final 
temperature distributions allows surface elevation and heat 
flow to be calculated as a function of time. 
extension is responsible for both the heating of the 
lithosphere and the crustal thinning necessary to 
produce a sedimentary basin. The extension model 
assumes a lithosphere of thickness l with a crust of 
thickness tc over an isothermal asthenosphere. A 
simple linear temperature gradient is assumed in 
the lithosphere (Fig. 1A). At some time t = 0, a 
unit length of lithosphere is assumed to be instan- 
taneously extended to a length/3 in an unspecified 
manner. As a result, the lithospheric thickness is 
decreased to l//3 and the crustal thickness to tel~3, 
while the asthenosphere passively rises in response 
to the lithospheric thinning causing a steepened 
temperature gradient (Fig. 1B). 
The first result of the extension is an isostatic 
adjustment referred to as the "fault bounded" or 
"initial" subsidence and which is due to the fact 
that the extension changes the mass in a vertical 
column. This is followed by the thermal subsi- 
dence as the lithosphere cools and thickens to its 
pre-extension equilibrium thickness (Fig. 1C). 
Since the initial and final thermal states are known, 
the temperature distribution and surface heat flow 
can be determined as a function of time. Knowl- 
edge of the thermal structure and thus of the 
densities allows the subsidence history of the ex- 
tended region to be calculated [2]. 
Application of the McKenzie [2] extension 
model to geological data is, however, not com- 
pletely straightforward. The subsidence history re- 
corded by the sediments preserved in a sedimen- 
tary basin reflects the interaction of a number of 
processes. The thermal "tectonic" subsidence is 
modified by the response of the lithosphere to the 
load represented by the sediments, by compaction 
and lithification of the sediments, and by environ- 
mental factors such as the sediment supply budget 
and sea level changes. As a result models have 
become more complicated as factors such as lateral 
heat conduction [3,4], lithospheric flexure [5,6] and 
the possibility of lithospheric thinning in addition 
to that related to crustal extension [7] were in- 
cluded. 
One feature of the original model [2] that has 
been retained by all of the variations is the as- 
sumption that the extension has occurred instanta- 
neously. This is an extremely attractive assump- 
tion because it creates a simple, well defined initial 
condition for the thermal calculations which greatly 
simplifies the analysis of the post-rift behavior of 
the basin. The assumption of instantaneous exten- 
sion has also appeared to be verified by calcula- 
tions carried out by Jarvis and McKenzie [8]. They 
considered a two-dimensional model in which crust 
and lithosphere are stretched horizontally in a 
pure shear strain field with asthenospheric material 
flowing upwards to replace the outflowing litho- 
sphere and obtained a solution for the temperature 
structure of the lithosphere (and thus for the eleva- 
tion and heat flow) in terms of a sum of numeri- 
cally evaluated eigenfunctions. The conclusion 
drawn by Jarvis and McKenzie [8] from their 
modeling is that "For  most basins the simple 
model gives reasonably accurate results provided 
the duration of stretching is less than 20 Ma" [8, p. 
421. 
There are, however, at least two reasons why 
the effects of a finite-length rifting event need to 
be systematically evaluated. First, the calculations 
carried out by Jarvis and McKenzie [8] only con- 
sidered vertical heat conduction. Steckler [3,9] has 
shown that lateral conduction of heat across the 
horizontal temperature gradient set up by the 
lithospheric thinning significantly affects the sub- 
sidence rates and the stratigraphy both within the 
basin and on its margins for the instantaneous 
model. Specifically, the subsidence rate is in- 
creased in the early stage of the basin's history as 
heat is conducted laterally out into the cooler 
surrounding areas where it causes uplift which can 
amount o several hundred meters [3,9]. 
Similar large horizontal temperature gradients 
exist during the syn-rift development of a basin 
and it thus might be expected that lateral effects 
will also be significant in the syn-rift development. 
Neglect of lateral heat conduction will cause the 
approach used by Jarvis and McKenzie [8] to 
underestimate he heat lost from the rifted region 
during the rift process. The magnitude of this 
effect, the length of rifting event for which it 
becomes ignificant, and the consequences for the 
development of the basin need to be systematically 
evaluated. 
The second reason for considering the effects of 
a finite-length rifting event is that there is increas- 
ing evidence that the rifting stage in the develop- 
ment of a basin or a margin quite often lasts for 
20-50 m.y., significantly longer than the 20-m.y. 
period which has been considered [8] to be the 
rifting time for which the instantaneous model can 
be applied. For example, Jansa et al. [10,11] have 
identified Carnian-Norian (212-200 m.y.B.P.) red 
beds and evaporites in wells along the Atlantic 
margin of Canada, where sedimentological [12] 
and magnetic [13] data imply seafloor spreading 
began in the Bajocian (about 170 m.y.B.P.). A 
modern example of extended rifting is the Red Sea 
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Fig. 2. Subsidence curves determined from three wells in the 
Paris Basin [13]. Note that well CFX°I within the rift basin 
began to subside about 60 m.y. prior to wells CG-1 and RBH-1 
which are outside of the rift in the flexurally controlled portion 
of the basin and thus only show post-rift subsidence. CG-1 is 
very near the rift basin and RBH-1 is well away from it. 
where rifting began 20-26 m.y.B.P,  near the 
Oligocene-Miocene boundary [14] while organized 
seafloor spreading began in the southern Red Sea 
only 4-5 m.y.B.P. [15]. There is no recognizable 
spreading axis in the northern Red Sea and that 
region appears to still be in the rifting stage, with 
extension occurring diffusely over an area perhaps 
100 km wide [16]. 
Extended rifting events also accompany the de- 
velopment of intracratonic basins. For example, 
subsidence in the Paris Basin appears to have 
begun about 260 m.y.B.P, in the mid Permian [17] 
(Fig. 2). During the Permian and Triassic subsi- 
dence was mainly restricted to two narrow parallel 
linear troughs which Brunet and Le Pichon [18] 
interpret as rifts resulting from crustal extension. 
On the other hand, the post-Triassic thermal subsi- 
dence beginning about 200 m.y.B.P. (Fig. 2) has 
been much more widespread giving the basin its 
present bowl shape. A similar situation exists in 
the Sirte Basin of Libya which was the site of 
active horst and graben tectonics along three 
parallel trends from the Cretaceous through the 
Miocene [19]. 
The purpose of this study is to systematically 
investigate the effects of a finite-duration rifting 
event. First a technique will be described for trac- 
ing the development of a sedimentary basin 
through an extended rifting event. This method, 
292 
allows an arbitrary rifting history and basin geom- 
etry to be specified and also allows the effects of 
lateral heat conduction to be determined. The 
effects of various-length rifting times on the subsi- 
dence rates and heat flow will then be investigated 
for a number of simple model basins. Finally the 
manner in which this parameter interacts with 
others such as the rigidity of the lithosphere to 
produce a variety of stratigraphic patterns will also 
be examined. 
2. Computational method 
A method developed by Steckler [3,9] to obtain 
an analytic solution for the instantaneous rifting 
case with horizontal heat conduction can be 
adapted to trace the temperature structure of the 
lithosphere through a finite-length rifting event. 
We will first outline the method and then explain 
how it can be extended to the finite-length rifting 
case. 
The temperature structure of the extended 
lithosphere is governed, assuming no variations 
along strike, by the two-dimensional heat flow 
equation: 
32T 02T 1 0T 
- -+  - -  (1 )  
0x 2 0z 2 K 3t 
where T= T(x, z, t) is the temperature, x and z 
are the horizontal and vertical coordinates respec- 
tively, and K is the thermal diffusivity. The litho- 
sphere is assumed to be divided into a series of 
narrow blocks. The temperature distribution due 
to the thermal perturbation of one block may be 
written: 
V(x, z, t)= X(x, t).Z( z, t) (2) 
where X(x, t) and Z(z, t) are the solutions of the 
one-dimensional heat flow equations in x and z, 
respectively. 
The solution in the vertical direction is simply 
the case considered by McKenzie [2] and the solu- 
tion can be written as: 
z . [n~rz~ 
Z(z,  t)= To-~q- ~ A n sln~--7-- ) e -n2t/r (3) 
n~l 
where T o is the asthenosphere t mperature, l is the 
equilibrium thickness of the lithosphere and ~- is 
the thermal time constant of the lithosphere. The 
A,'s are the Fourier series coefficients of the tem- 
perature anomaly due to the extension. Thus the 
vertical solution can be written in terms of a 
steady state equilibrium solution and a thermal 
transient due to the extension which, following 
Watts et al. [5], will be designated ~'(z, t) in the 
following development: 
~'(z, t) = ~A~sin(nl----~Z)e -n2t/" (4) 
n=l 
The solution of the horizontal term X(z, t) follows 
Steckler [3]. The boundary condition is that the 
lithosphere is continuous and the solution is that 
of heat flowing into a semi-infinite medium [20]: 
l f x(x,, O) e-(X x')2/4kTdx' X(x,t )  - 
(5) 
The initial condition for a single block is that 
X = 1 between a and b, the limits of the block, and 
X = 0 otherwise. Thus: 
x-a  x -b  X(x, t )=½[erfc(~t ) -e r fc (~) ]  (6) 
The total solution for the temperature distribution 
due to a single block is therefore: 
x- -a  
T(x, z, t)= Tol+ ½ erfc(4--~tt) 
- erfc( X4~ktb )] • ~'(z, t) (7) 
Since the heat flow equation is linear, the law of 
superposition can be used to determine the tem- 
perature distribution following an extension event 
involving a number of blocks, each of which may 
be "stretched" by different amounts: 
T(x, z, t)= Tol + ½i~_ 1 erfc 
-e r fc  (4kt) ~i(z, t) (8) 
where x, and x~+ 1 are the positions of the edges of 
block i, ~'(z, t) is the transient solution (equation 
(4)) for that block and N is the total number of 
blocks. It is assumed in equation (8) that the 
temperature anomaly at time T = 0 is known and 
that heat transfer occurs only by conduction. This 
requires that no further extension of the litho- 
sphere occurs during the cooling. This solution is 
thus appropriate for the instantaneous extension 
model and has been used to investigate the in- 
fluence of lateral effects on that model by Steckler 
[91. 
The technique can be adapted to trace the 
thermal structure of the lithosphere through a 
finite-length rifting event by considering that the 
extension, rather than being continuous, occurs in 
a series of discrete, short rifting events. Each litho- 
spheric block is extended by an appropriate small 
amount at the beginning of the first rifting event 
and is allowed to cool through the time step. The 
temperature structure at the end of the cooling 
period is determined from equation (8) and is used 
as the initial temperature structure for the next 
rifting event. The temperature structure nters the 
mathematical treatment through the values of the 
A,'s in equations (3) and (4). However, after the 
first rifting event the pre-rift temperature gradient 
is no longer linear and the expression given by 
Royden and Keen [21] for the A,'s is not applica- 
ble. Therefore, after each rifting event, a Fourier 
sine transform is performed on the temperature 
anomaly ( T( x, z, t ) -  Toz / l  ) to determine the val- 
ues of the An's for the subsequent cooling period. 
There are two constraints on the acceptable 
length for the rifting steps. They must be short 
enough that the procedure approximates continu- 
ous rifting, yet long enough that the laterally 
spreading heat has an effect at the center of the 
adjacent block. It was found that a time step of 0.5 
m.y. is acceptable, providing the post-rift width of 
the blocks is less than about 10 km. The surface 
heat flow and subsidence obtained by this tech- 
nique using a "one-box" model (no lateral heat 
flow effects) agree with the results of Jarvis and 
McKenzie [8] to better than 1%. 
3. Model results 
The effects of an extended rifting event on the 
development of a simple sediment free basin are 
shown in Figs. 3, 4, and 5. The values used for 
model parameters are summarized in Table 1 and 
were chosen to give an internally consistent, iso- 
TABLE 1 
Values of model parameters 
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Parameter Symbol Value 
Lithospheric thickness l 125 km 
Crustal thickness a t c 31.2 km 
Crustal density Pc 2.8 g/cm 3 
Mantle density Pm 3.33 g/cm 3 
Sediment density Ps 2.4 g/cm 3 
Water density Pw 1.03 g/cm 3 
Coefficient of thermal 
expansion a a 3.4× 10 5 oc-1 
Asthenospheric temperature T o 1333°C 
Thermal diffusivity K 0.008 cm2//s 
Thermal conductivity ~ 0.0075 cal/deg cm s 
Lithospheric thermal time 
constant (a 2/Ir 2K) ~" 62.7 m.y. 
a The values of these parameters have been chosen so that old 
(125 km thick) continental lithosphere at sea level is in 
isostatic balance with oceanic lithosphere containing a 5-km- 
thick crust which has a ridge crest depth of 2500 m and 
subsides toward a final depth of 6400 m. 
statically balanced system [9,22]. 
Cross-sections showing the development of the 
rift basin for different extension times are shown 
in Fig. 3. The left half of each basin has been 
replaced by the case of instantaneous rifting with 
lateral heat flow to facilitate comparison. The de- 
velopment of the basin for instantaneous rifting 
and no lateral heat flow (simple McKenzie model) 
is also shown as dashed lines. The subsidence and 
surface heat flow are plotted as functions of time 
in Figs. 4 and 5 respectively for locations A, B and 
C noted at the bottom of Fig. 3. Location A is just 
outside the rift, B is near the base of the hinge 
zone and C is near the center of the basin. It can 
be seen from Figs. 3 and 4 that the loss of heat 
during the syn-rift period causes ignificant devia- 
tion from the instantaneous case in the immediate 
post-rift period for extension times as short as 5 
m.y. As the extension time increases, these dif- 
ferences become greater and persist longer. 
The effects of the finite rifting are dependent 
on position within the basin. The effects are grea- 
test near the hinge zone where the horizontal 
temperature gradients are the greatest and de- 
crease towards the center of the basin. The subsi- 
dence and heat flow in the center of a basin with 
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Fig. 3. Tectonic subsidence for a simple model basin showing 
the effects of a finite-length rifting event. The left side of the 
basin is the same for each cross-section and shows the develop- 
ment of the basin for instantaneous rifting, while the right-hand 
side shows the results for different rifting times, T~. In both 
cases the calculations hown in solid lines include lateral heat 
flow. The dashed lines show the development of the basin for 
instantaneous rifting and no lateral heat flow. Time t = 0 is 
taken as the end of the rifting event in all cross-sections. The 
numbers under the cross-sections show the value of the stretch- 
ing parameter fl for each lithospheric block. A, B, and C are 
locations discussed in text and subsequent figures. 
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F ig .  4 .  Subsidence curves for the three locations A,  B ,  and  ( /o f  
the basin shown i n  F ig .  3 for rifting times, T~, of 0,  10 ,  20  and 
50 m.y .  Dashed curve labelled f l  = 2 shows results of instanta- 
neous one-dimensional  model  [2]. Subsidence for locations B 
and C is shown both including syn-rift subsidence and nor -  
ma l i zed  to show only post-rift subsidence. In all cases the basin 
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Fig. 5. Surface heat f low as a function of time for the three 
locations A, B, and C of the basin shown in Fig. 3 for rifting 
times, T~, of 0, 10, 20 and 50 m.y. Dashed curve labelled fl = 2 
shows results of instantaneous one-dimensional model [2]. 
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uniform extension parameter fl will approach Jarvis 
and McKenzie's [8] results as the basin becomes 
very wide. However, with a few notable excep- 
tions, such as the northern Red Sea (which is a 
developing continental margin and likely to have 
significant variations in the extension parameters 
within the basin), few rifts are wider than the 
80-km model rift basin considered here. Sedimen- 
tary basins are commonly 200-300 km wide. 
However, much of a mature basin would be ex- 
pected to be underlain by unrifted crust and litho- 
sphere which has subsided as the result of crustal 
flexure [5] (also see Fig. 11). Thus the results near 
the center of the model basin (location C) can be 
considered reasonable minimum estimates of the 
effects of a finite length extension event. 
The effect of the loss of heat from the rifted 
area during the extended rifting event is to in- 
crease the syn-rift subsidence at the expense of the 
post-rift subsidence (Fig. 6). For the basin consid- 
ered here, the post-rift subsidence is decreased by 
a minimum of 10-15% for a 10-m.y. extension 
event and by about 25% for a 20-m.y. extension 
event. The surface heat flow within the basin is 
always less than that predicted by the McKenzie 
[2] model (Figs. 5, 7), due to the lateral flow of 
heat out of the basin as well as vertical cooling 
during the syn-rift stage. The lateral heat flow 
results in increased heat flow and thermal expan- 
sion causing significant uplift in the regions flank- 























o ~b 2'0 3'0 4'0 







I i 1o 







• .6 15. 













o i'o ~o 3'o 4b 50 
Fig. 6. Relat ionship between syn- and post-rift subsidence as a 
function of durat ion of rifting event for locations B and C of 
the basin shown in Fig. 3. Scale at far right gives post-rift 
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Fig. 7. Max imum surface heat flow as a function of durat ion of 
r i ft ing event for locations B and C of the basin shown in Fig. 3. 
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Fig. 8. Maximum heat flow and thermal (post-rift) subsidence as a function of distance from the base of the hinge zone for three 
basins. The case labelled "Model Basin" is the basin shown in Fig. 3. The "Wide Hinge" basin differs from it only in that the width of 
the hinge zone has been increased to 40 km and the "Narrow Hinge" basin differs from it only in that the basin floor (/~ = 2) is 
immediately juxtaposed to unextended lithosphere. 
ponent has been included in the heat flow calcula- 
tions in order to show the effects of the finite 
rifting time on the mantle heat flow component. 
When crustal radioactivity is included, it is possi- 
ble, because of the thinner crust within the basin, 
to have the unusual and seemingly paradoxical 
situation of a surface heat flow minimum over a 
heated region. 
The effects of a finite-length rifting event would 
be expected to depend on the geometry of the rift 
basin and on the value of the extension parameter, 
~. The effects of basin geometry are illustrated in 
Fig. 8 which shows the magnitude of the thermal 
subsidence and maximum heat flow anomaly 
calculated for different values of T~ as a function 
of distance from the base of the hinge zone for the 
model basin (Fig. 3) and for two basins which 
differ from it only in the width of the hinge zone. 
The width of the hinge zone has been increased 
from 20 km to 40 km in the "wide hinge" basin, 
while in the "narrow hinge" case the basin floor 
(/~ = 2) is directly juxtaposed against unextended 
lithosphere (/3 = 1). The width of the hinge zone, 
and thus the horizontal thermal gradient, has a 
large effect on the subsidence pattern and heat 
flow, particularly near the hinge zone and for 
extension times of less than 20 m.y. However, for 
the models which we have considered, the dif- 
ferences are minimal near the center of the basin 
and the subsidence and heat flow at position C are 
nearly the same for all three cases. 
Fig. 9 compares the results obtained for the 
model basin (Fig. 3) with those obtained for basins 
with the same geometry but in which the extension 
parameter/~ within the basin was set at 1.5 (50% 
extension) and 4 (300% extension). Although the 
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Fig. 9. Maximum heat flow and thermal (post-rift) subsidence as a function of distance from the base of the hinge zone for basins with 
geometry of the basin shown in Fig. 3, but with varying value of the stretching parameter, ft. Results are normalized against results of 
instantaneous, one-dimensional case [2]. Results are shown for extension times of 10 m.y. and 20 m.y. 
total amount of thermal subsidence depends 
strongly on fl, when it is normalized against the 
post-rift subsidence predicted by the McKenzie [2] 
model, the results are almost identical to those for 
the model basin with fl = 2 (100% extension). The 
effect on the normalized heat flow is much more 
dependent on the value of fl (Fig. 9) with the 
greatest decrease occurring for large values of ft. 
The effect of the finite-duration rifting event is 
to increase the syn-rift subsidence at the expense ,o 2ooo 
of the post-rift. This will result in flatter post-rift 
subsidence curves which will result in underesti- c 
mating the amount of extension, if observed subsi- ° 
dence curves are compared with theoretical curves 
generated using the one-dimensional rifting model 
[2], as is often done in studies of specific basins. ~ ,ooo 
Fig. 10 shows post-rift subsidence curves from "~ 
locations B and C of Fig. 3 (solid curves) along 
with subsidence curves predicted by the simple ~ .... 
model [2] for a range of fl values (dotted curves). 
A fl value of 1.25-1.5, rather than the actual value 
of 2, would probably be chosen as best matching 
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Fig. 10. Post-rift subsidence curves for locations B and C of the 
basin shown in Fig. 3 for extension times of 10, 20 and 50 m.y. 
(solid lines) compared with subsidence curves resulting from 
the instantaneous one-dimensional model (dotted lines). 
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larly if the later portion of the subsidence curve 
(upper portion of the sediment column) is used to 
determine ft. 
Fig. 10 also shows that the subsidence curves 
cut across fl-curves, with the basin subsiding more 
rapidly in its early history and more slowly in the 
later history than predicted by the McKenzie [2] 
model. This behavior reflects the lateral transport 
of heat out of the basin and is characteristic of 
models which include lateral heat flow. It is also a 
pattern which can be observed in actual subsi- 
dence data [23]. These deviations from the fl-curves 
could mistakenly be interpreted as the effect of sea 
level variations. However, they may be dis- 
tinguished because they are a systematic hange in 
the shape of the curve, rather than a perturbation 
of limited extent upon it as are the sea level 
variations discussed, for example, by Watts and 
Steckler [24]. 
4. Effects of lithospheric rigidity 
The model basins discussed above have all been 
assumed to be sediment free in order to examine 
the effects of finite extension times on the driving 
tectonic subsidence independent of other com- 
plicating factors. If the sediments are compensated 
in a local "Airy" fashion then the results obtained 
can be directly applied to the backstripped subsi- 
dence curves. 
BASIN  MODEL 
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Fig. 11. Basin cross-sections at 100 m.y. after the end of the rifting event for different rifting times. Rifting parameters are the same as 
for the basin in Fig. 3. Syn-rift sediments are assumed to be compensated in a local (Airy) fashion and post-rift sediments in a regional 
(flexural) fashion. Post-rift stratigraphic horizons are shown at integer square root of time intervals after the end of rifting. 
However, the sediments which accumulate in a 
sedimentary basin represent a load on the litho- 
sphere which would be expected to respond, at 
least during the post-rift stage, by flexure [5]. Fig. 
11 shows cross-sections throught he model basin 
(Fig. 3) at 100 m.y. after the end of the rifting 
event for four different-length rifting events in- 
cluding the effects of sediment loading. In these 
models, the syn-rift sediments are assumed to be 
compensated in a local, Airy manner eflecting the 
active faulting occurring during that stage, and the 
post-rift sediments are assumed to be compensated 
in a regional manner through lithospheric flexure. 
The flexural rigidity was defined by the depth to 
the 450 ° isotherm [25] and thus varies in time and 
in space across the basin. 
The effect of the lithospheric rigidity is to dis- 
tribute the compensation of the load so that subsi- 
dence occurs outside the rifted and heated area. 
Thus the post-rift subsidence is reduced within the 
rifted portion of the basin further flattening the 
subsidence curves, while significant subsidence can 
SUBSIDENCE BASIN MODEL 






~ooo t ' \  \ ,/  
"~ 4000 'x\ / 
0 ~  
4 ~ 5 o  __  
8ooo ] 
60 40 20 0 20 40 60 80 1(30 120 ~40 160 
T iME (MY)  
Fig. 12. Subsidence curves for the three locations A, B, C of 
basins shown in Fig. 11. These locations have the same rela- 
tionship to the rifted portion of the basin as the subsidence 
curves shown in Fig. 4. Short horizontal lines at the far right 
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Fig. 13. Detail of cross-sections shown in Fig. 12 illustrating 
widening of basin with time and nature of onlap onto unex- 
tended basement flanking rift. Stratigraphic horizons are at 
integer square root of time intervals following the end of rifting 
and location of pinch out of each horizon is noted. 
occur at position A on the unextended lithosphere 
(Fig. 12). 
The nature of the flexurally controlled portion 
of the basins shown in Fig. 11 can be seen more 
clearly in Fig. 13. Both the width of the basin and 
the timing and nature of the onlap onto the sur- 
rounding regions are dependent on the duration of 
the rifting event. Sediments are immediately de- 
posited over a wide area outside the rift basin in 
the case of instantaneous rifting, but the size of the 
basin increases only slightly with time, producing 
only a very limited amount of onlap. With increas- 
ing extension times, expansion of the basin out of 
the rifted region is delayed for a time comparable 
to the extension time and the width of the basin 
decreases ystematically. However the progressive 
onlap onto the unrifted area becomes much more 
pronounced. 
The models also predict that the syn- and post- 
rift sediments may be separated by an unconfor- 
mity. For non-zero extension times, there is a 
















T s = 20  my 
~ ~ ~ ~ ~  .......... :: ...... 
Ts=2Omy 
~~L:LLLL~ ~E~ '2 
2'0 ' 2b ' 4'0 ' 6'0 ' 80 too 120 140 160 
T ime (mi l l i ons  of yeors )  
Fig. 14. Subsidence curves for locations B and C of model 
basin (Figs. 3, 11) with T~ = 20 m.y., but with different stretch- 
ing histories. Solid line shows case where fl increases linearly 
through the rifting event. Dashed line shows case where 25% of 
extension occurs during the first 15 m.y. and 75% of extension 
occurs in the last 5 m.y. of rifting. Dotted line shows case 
where lithospheric thinning is twice that implied by the crustal 
extension. 
the basin for a period o f2 -4  m.y. following the 
end of rifting. This slight uplift is due to the 
change from local to regional compensation com- 
bined with reduced tectonic subsidence within the 
basin and the fact that the rift shoulders are still 
being uplifted by heat flowing out of the basin. 
The uplift is of quite small magnitude (< 50 m) 
and thus it is open to question whether an uncon- 
formity would be formed in a real basin where the 
boundary faults may still be subject to motion 
following the end of active rifting. However, it 
does provide a mechanism for producing the 
"breakup" unconformity first described by Falvey 
[26] and since reported at a number of continental 
margins (e.g. [27,28]). 
It can be readily seen from fig. 11 that as the 
extension time becomes greater, the syn-rift sedi- 
ments come to occupy an increasingly large por- 
tion of the sediment column. With a 20-m.y. exten- 
sion time the syn-rift sediments represent 77% of 
the sediments which finally accumulate at position 
C near the center of the basin. This is probably an 
unrealistically large ratio of syn- to post-rift sedi- 
ments. Fig. 14 shows that the amount of syn-rift 
sediments can be slightly, but not significantly, 
reduced by concentrating a majority of the exten- 
sion near the end of the rifting stage, rather than 
having fl increase linearly throughout rifting as in 
all the prior calculations. In the case shown by the 
dashed curves in Fig. 14, 25% of the extension 
occurs in the first 15 m.y. and 75% occurs in the 
final 5 m.y. This has the effect of slightly decreas- 
ing the syn-rift subsidence and slightly increasing 
the post-rift subsidence. However, over 70% of the 
sediments in the basin still accumulated uring 
rifting. 
Fig. 14 also shows as dotted curves the effects 
on the subsidence of using a two-layer model in 
which the lithosphere is thinned by an amount 
greater than that required by the crustal extension. 
This model implies that the extension and litho- 
spheric thinning is not simply the passive result of 
extensional forces applied elsewhere, but rather 
involves active heating from below. In the model 
for which the subsidence curves are shown in Fig. 
14, it is assumed that the lithospheric thinning is 
twice the crustal thinning. The additional heat put 
into the lithosphere and the resulting thermal ex- 
pansion reduce the amount of syn-rift subsidence, 
although not nearly as much as for an instanta- 
neous two-layer rifting model, because heat is 
rapidly conducted laterally out of the basin. For 
the model basin considered here (crustal thinning 
factors as in Fig. 3), syn-rift sediments represent 
63% of the sediments which finally accumulate in 
the basin. An additional interesting feature of this 
particular model is that the initial response to the 
extension and lithospheric thinning is uplift which 
lasts for several million years and has an am- 
plitude of a few hundred meters. Thus, the onset 
of rifting would be predicted to be associated with 
a well developed unconformity. 
Sediment compaction, which has not been in- 
cluded in the models shown here, will serve to 
somewhat decrease the thickness of syn-rift sedi- 
ments. Sediments expel pore water and become 
more densely packed as the overburden pressure 
increases. Thus the deeply buried syn-rift sedi- 
ments will be denser and occupy less volume than 
the less deeply buried post-rift sediments. How- 
ever, this effect will not be great enough to change 
the prediction that the sediments which accu- 
mulate in the rift during the active stage will be 
significantly thicker than those which accumulate 
during the wider flexurally controlled post-rift 
stage of the basin's evolution. 
5. Conclusions 
The early stages of the evolution of a sedimen- 
tary basin play a major role in shaping the de- 
velopment of the basin. Specifically, the duration, 
as well as the location and nature, of the rifting 
event responsible for the creation of the basin has 
a major influence on the subsidence rates, total 
amount of sediments, heat flow and stratigraphic 
patterns, and these effects are still being manifest 
at least 100 m.y. after the end of the rifting event. 
The effect of an extended rifting phase is to 
transfer a portion of the heat loss, which is all 
post-rift in the instantaneous models, to the syn-rift 
period. As a result, additional syn-rift subsidence 
occurs with less subsidence and slower subsidence 
rates during the post-rift period. When the effects 
of lateral heat conduction are considered, the 
post-rift subsidence near the center of an 80-km- 
wide model rift is decreased by 10-15% for a 
10-m.y. rifting event and by 25% for a 20-m.y. 
rifting event. The effects become even larger as the 
margins of the rift basin are approached. The final 
width of the sedimentary basin and the strati- 
graphic patterns in the flexurally controlled por- 
tions of the basin are also greatly influenced by 
the nature and duration of the rifting event. 
The lateral conduction of heat has a character- 
istic effect on the shape of subsidence curves with 
more rapid subsidence in the early post-rift stage 
followed by slower subsidence so that the subsi- 
dence curves cut across those generated using the 
one-dimensional model. As a result of this effect 
and the decrease in post-rift subsidence caused by 
even relatively short rifting events, it is probably 
not valid to use "fl-curves" generated from the 
instantaneous stretching model (Fig. 1) to analyze 
the subsidence of sedimentary basins. 
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More sophisticated models can reproduce most 
of the observed characteristics of sedimentary 
basins. However, these models introduce addi- 
tional parameters which can be "juggled" to fit a 
particular data set. Thus additional geological con- 
trol to provide cross-checks on the model results is 
necessary to determine the extent to which the 
modeling actually conforms to what is observed in 
nature. However, with adequate geologic control, 
careful modeling should be able to give reasonable 
constraints on the thermal structure and develop- 
ment of sedimentary basins and continental 
margins. 
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